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I.  Introduction 
 
 The ultimate goal of this project was to develop a device for encoding and sending 
modulated high frequency optical signals utilizing a novel combination of chemical oscillators, 
chemiluminescent reactions and microfluidic technology.  Our research team consisted of 
chemists, physicists and computer scientists from Brandeis University, supported by scientists 
from Spectral Sciences, Inc. (SSI) and the Air Force Research Laboratory, Hanscom AFB, as 
well as engineers from RainDance Technologies, Inc. (RDT). 
 The problem is an extremely challenging one and requires the solution of several 
subproblems along with integration of those solutions to produce a viable device.  Among the 
tasks that need to be accomplished are: identification and testing of an appropriate chemical 
reaction or set of reactions capable of producing sufficiently intense chemiluminescence in an 
appropriate wavelength range and with a useful energy capacity (at least 100 μW/g); design and 
testing of a microfluidic circuit that makes it possible to generate the desired signal; development 
of a system that permits the encoding and repeated transmission of messages of 60 characters or 
more from an alphanumeric character set;  construction (or identification) and integration into 
the circuit of a chemical power source to propel the luminescent material around the circuit; 
development, analysis and modeling of sensors and algorithms optimized for detection of the 
signals generated by the device, including construction of a programmable, radiometrically 
calibrated, modulated light source that is capable of emulating the proposed sources and 
encoding concepts. 
 We have made considerable progress toward solving several of these problems and have 
discovered several potentially significant new phenomena in the course of our investigations.  
We report these developments below.  Nonetheless, there remains significant work to be done in 
order to produce an operable device. For each aspect of the problem, we outline below the 
approaches taken and the results obtained, along with brief conclusions about prospects for 
future success. 
 
II.  Research Accomplished 
 

A. Chemiluminescent Reactions 
 

A key element of our approach is the generation of light by a chemiluminescent chemical 
reaction.  We identified and tested several such reactions, both in the near infrared, the 
wavelength region that we ultimately hope to exploit, and in the visible, which is more 
convenient for testing the microfluidic circuit and other elements of our device, and which may 
ultimately prove useful in itself.   

 
1. Singlet oxygen generation 

 
  The most promising route to generating continuous high intensity chemiluminescence in 
the near infrared region (NIR) of the spectrum is through the production of singlet oxygen.  The 
radiative decay of singlet O2 (1∆g →3Σg

-) results in emission in the NIR at λ = 1270 nm, a 
wavelength that is ideal for detection.  In CCl4, the quantum yield of this NIR phosphorescence 
is about 0.07, though this solvent is not ideal because of its toxicity.  The thermal decomposition 
of endoperoxides appears to be the most convenient approach to generating singlet oxygen in 
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situ, and we succeeded in synthesizing 300 mg of 1,4-dimethylnaphthalene endoperoxide 
(DMNE), the most promising compound we identified.  
 
      2.  Glowstick Technology 
 
 A second approach to producing a continuous source of chemiluminescence is the technology 
utilized in the production of commercial glowsticks.  Visible light of various colors can be 
generated by the reaction of hydrogen peroxide with a phenyl oxalate ester in the presence of a 
suitable fluorescent dye.  The scheme is shown below. 
 

 
 
 We purchased red glowsticks from a commercial vendor and extracted the reagents to 

give a convenient and inexpensive source of chemiluminescent material for testing our 
microfluidic configurations.   We also discovered a vendor who manufactures infrared 
glowsticks for the military (http://glowproducts.com/glowsticks/infraredglowsticks/).  We 
acquired a stock of these and ran some preliminary tests, which suggested that the quantum yield 
is somewhat less than that of the chemiluminescence produced by DMNE. 
 
      3.  Luminescent oscillators 
 
 An intriguing possibility is to utilize a chemical oscillator as the source of 
chemiluminescence.  We have developed a chemiluminescent oscillator by coupling luminol to 
the Cu(II)-catalyzed reaction of hydrogen peroxide with potassium thiocyanate in sodium 
hydroxide (S. Sattar and I. R. Epstein, J. Phys. Chem. 94, 275-277 (1990)).  The major 
limitations on employing this reaction are that it requires a continuous flow of reactants to 
sustain the oscillation and it oscillates relatively slowly, with a period of many minutes.  Recent 
work in Iran has utilized a variety of organic bases in place of NaOH, resulting in a significant 
increase in frequency (A. Samadi-Maybodi and R. Akhoondi,   
Luminescence 23 ,  42 (2007)) as well as in intensity and duration of oscillation in a closed 
system  (M.H. Sorouraddin, M. Iranifam and K. Amini, J. Fluor.  18, 443 (2008).  We carried out 
several initial experiments to investigate the feasibility of producing a fast, long-lasting 
chemiluminescent oscillator, but to date have not succeded in increasing the lifetime enough to 
make this approach feasible. 
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 4. Hydrogels 
 
 A potentially more attractive approach involves coupling the long-lasting BZ oscillator to the 
luminol reaction in a supramolecular hydrogel.  The idea is to utilize the periodic oxidation and 
reduction of the BZ catalyst to periodically switch the chemiluminescence reaction on and off in 
order to create a specific pattern of light emission in the hydrogel.  Remarkably, the exceptional 
stability and unique nanofiber matrix of the hydrogel not only give it stability to the extreme 
conditions (pH 0-1) of the BZ system, but also enhance the intensity of chemiluminescence by 
improving quantum yield, extend the lifetime of both the catalysts of chemiluminescence and the 
oscillating reactions by minimizing side reactions, and allow us to control the pattern of emission 
by tailoring the molecular hydrogelators.  We can maximize the compatibility of the chemical 
oscillating systems with devices by tuning the rheological properties of the hydrogels.  
 The Scheme at the right outlines the 
design principle for generating the oscillating 
chemiluminescent supramolecular hydrogel, a 
heterogeneous system consisting of a 
nanofiber matrix and a liquid phase 
immobilized by the matrix. The substrate and 
the catalyst for the chemiluminescent reaction 
can be localized in the nanofiber, while the 
oscillating reaction occurs in the liquid phase. 
Because of the nanosize diameter of the fibers and the liquid phase, the substrate, the catalyst, 
and the components of the oscillating reaction essentially behave as if they were on a surface but 
able to interact with each other. Such organization mimics the environment of bioluminescence, 
enabling us to maximize the quantum yield of chemiluminescence and to minimize the decay of 
the oscillating reaction by confining the BZ reactants to the liquid phase. To tune the wavelength 
of the emission into the desired range, we can use the chemiluminescence to excite quantum dots 
incorporated into the nanofibers.  
 
 5. Conclusion 
 
 If IR luminescence is essential, the DMNE system is probably the best option.  Other less 
toxic aprotic solvents should be investigated to avoid the problems with CCl4.  If an oscillatory 
signal is desirable, it might be possible to couple this reaction, perhaps in a gel system, to a 
chemical oscillator.  For visible emission, luminol-based reactions offer the advantage of good 
quantum yield and existing oscillatory behavior.  Use of a hydrogel appears to offer the most 
promising path to increasing the lifetime of the oscillations and the quantum yield of emission. 
 
 
B.  Fast Chemical Oscillation 
 
 The Belousov-Zhabotinsky (BZ) reaction, which involves the oxidation by bromate of an 
organic substrate, typically malonic acid, in the presence of a metal ion or complex as catalyst in 
a concentrated solution of sulfuric acid, is the best known and most versatile and robust of the 
oscillating chemical reactions.  Unlike most chemical oscillators, which require a continuous 
flow of fresh reactants to sustain oscillatory behavior for more than a few cycles, the BZ system 
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will oscillate for several hours and hundreds of cycles in a closed vessel under appropriate 
conditions.  On the other hand, typical BZ oscillations have periods of several minutes or longer, 
i.e., frequencies of several millihertz. Since we sought to generate signals with frequencies in the 
range of 10 Hz or more, we decided to try to accelerate the BZ oscillations by three to four 
orders of magnitude.  The key elements in our scheme were to work at higher than normal acid 
concentrations and temperatures and to vary the concentrations of the reactants and catalyst as 
well as the identity of the catalyst.   
 
 1.  Experiments 
 
 We carried out an extensive investigation of the parameter space of the reaction, varying 
temperature, acidity, identity of the catalyst, identity of the substrate, and reactant 
concentrations.  We explored the use of 1,4-cyclohexanedione (CHD) and acetylacetone as 
alternatives to the usual malonic acid (MA) substrate, but found that malonic acid gives the best 
performance.  Experiments were conducted with cerium (III), manganese (II) and ferroin as 
catalysts.  Temperature was varied from room temperature to over 70 oC, above which 
oscillations ceased or became difficult to monitor because of the production of CO2 bubbles. 
 Table 1 illustrates typical data with CHD as substrate and ferroin as catalyst.  Our best results 
were obtained with MA and ferroin at a temperature of 60 oC, where a frequency of 18 Hz was 
observed.   

Table 1.  Oscillations in the ferroin-catalyzed BZ-CHD system 
 

no oscillation7020.00050.60.5
127020.00050.60.425
127020.00050.6250.4
137020.00050.60.4
106520.00050.60.4
66020.00050.60.4

4.55020.00050.60.4
no oscillation4040.00050.60.4

24030.00050.60.4
14020.00050.60.3

1.24020.00050.60.4
1.54020.00050.60.5

no oscillation4010.0011.21
0.54010.0010.60.5

H2SO4FerroinCHDNaBrO3
F (Hz)T (°C)

Initial Concentrations (M)

 
   
 Figure 1 shows an example of high frequency oscillations.  We were indeed able to increase 
the frequency of a BZ oscillator by roughly a factor of 5,000, but 20 Hz appears to represent the 
practical upper limit with this approach, and in a closed system these high frequency oscillations 
cannot be sustained for more than a few minutes, though with a flow they can presumably 
continue indefinitely. 
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Figure 1.  High frequency (18 Hz) oscillations in the ferroin-catalyzed BZ system.  Intiital 
concentrations: [MA]0 = 0.5 M;  [NaBrO3]0 = 0.5 M;  [H2SO4]0 = 1.14 M;  [Ferroin] = 0.0025 M.  T = 
60 oC.  Noisy data result from production of CO2 bubbles, which can be reduced by adding a surfactant. 
 
 2.  Simulations 
 
 We developed a model incorporating all reactant species based on earlier work by 

Zhabotinsky et al. to describe the shape of oscillations and wave properties in the BZ reaction at 

elevated temperatures. The simplified set of equations used to describe our experimental findings 

is  

 

 dX/dt= -k2h0XY+k3h0AY-2k4'X2-k5h0AX+k-5U2+ k6U(C-Z)-k-6XZ (1) 

 dY/dt= -k2h0XY-k3h0AY+qk7BZ+k9B (2) 

 dZ/dt=k6U(C-Z)-k-6XZ-k7BZ (3) 

 dU/dt=2k5h0AX-2k-5U2-k6U(C-Z)+k-6XZ (4) 

 

where X ≡ [HBrO2], Y ≡ [Br-], Z ≡ [Ce4+], U ≡ [HBrO2], h0 is Hammet’s acidity function, A 

≡ [NaBrO3] = h0/(0.2+h0) [NaBrO3]0, B ≡ [MA], C ≡ [Ce3+] + [Ce4+], and k4' = k4(1+0.87h0).  

For numerical calculations, based on the initial reactant concentrations, we assigned A0 = 0.5 M, 
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B0 = 2 M, C = 0.001 M, h0 = 3, which corresponds to [H2SO4]=1.5 M. The stoichiometric 

parameter q was set to 0.6. 

 Activation energies calculated by fitting our data were in good agreement with data 

available in the literature, and the simulations gave good agreement with experiments on the 

ferroin-catalyzed malonic acid system, as illustrated in Figure 2. 
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Figure 2.  Experimental (left) and simulated (right) frequency (squares) and amplitude 
(triangles) of oscillation in the BZ system as a function of temperature. 
 
 3.  Conclusion 
 
 We have succeeded in increasing the frequency of oscillation above 10 Hz by manipulating 
the concentrations and temperature.  Under these conditions, the practical upper limit of 
frequency is about 20 Hz, and the lifetime of the oscillation decreases significantly.  The 
simulations suggest that higher frequencies might be obtainable by putting the system under 
pressure, which would allow the temperature to be increased beyond 100 oC.  Extending the 
lifetime would require use of a flow system. 
 
 
 C.  Microfluidic Circuitry 
 
 A key aspect of our approach was to utilize microfluidic techniques to produce controlled 
flows of chemiluminescent solutions that will be used to encode the signals.  In collaboration 
with engineers at RDT, we developed and tested several circuits to generate and propel 
continuous streams of solution or streams consisting of aqueous droplets separated by oil.  Since 
the BZ reactants are polar, the reaction occurs only in the aqueous droplets, though 
communication is possible between droplets via nonpolar intermediates such as Br2 that are 
generated in the reaction and then partition into the oil phase.  Since the droplet diameter is 
comparable to the diffusion length (~ 100 μm), the droplets are internally synchronized by 
diffusion and require no stirring.   
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1. One-dimensional experiments 
 

 The simplest configuration we explored, and the one that lends itself most easily to the 
straightforward approach of flowing a stream of drops behind a coded mask, consists of a narrow 
tube, i.e., a pseudo-one-dimensional (1D) arrangement, which is filled using microfluidic 
techniques with a fluid composed of aqueous drops containing the luminescent, oscillatory 
solution separated by an oil phase.  The fluid moves at controllable velocities of the order of 
cm/sec, and drop sizes can easily be varied in the 50-300 μm range.  The circuits are constructed 
from polydimethylsiloxane (PDMS). 
 Figure 3 shows examples of some tubes containing arrays of BZ droplets.  Figure 4 shows 
the droplets being generated.  Table 2 gives a sense of the range of conditions explored and url’s 
for videos of some of the experiments. 
. 

 

 
 

Figure 3.  Tubes containing aqueous droplets of varying size and inter-droplet distance with BZ reagent 
(dark, convex objects) separated by oil (light, concave).  Length of tube shown is 4.1 mm; inner diameter 
of each tube is 150 μm. 

 
 
 
 
 
 

Figure 4.  Generation of droplets in the microfludic circuit. 
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Table 2.  A sampling of microfluidics experiments 
Fluid1 

for drop 
genera-

tion 

Fluid2 
Droplet 

Fluid3 for 
accelera-

tion 

flow-rate 
(ul/hr), pressure 

(psi) 
fluid1/fluid2/ 

fluid3 

Frequency (Hz) 
Gen/accel 
s=stable, 

a=aperiodic 

Speed 
(mm/s)

Size 
(microns)

video 

250/100/500 s1.25/1.25 1.75/4.5 500x335  
250/100/1000 s1.2/1.2 1.75/6.6 500x335 http://people.brandeis.edu/~ochoa/DARP

A/250o1-1hw-1ko2_30fps-150nf.AVI 

250/100/2000 s1.8/1.8 1.75/13 500x335  
250/100/4000 s1.66/1.66 1.75/44 500x335  
250/100/7000 a1.76/1.76 1.75/~5

5 
500x335 http://people.brandeis.edu/~ochoa/DARP

A/250o1-1hw-7ko2_1kfps-3knf.AVI 

500/300/10000 s2.75/2.75 2.9/43 500x335  
500/500/20000 s3.75/3.75 - 545x335  
2000/2000/400

00 
s14.25/14.25 - 548x335 http://people.brandeis.edu/~ochoa/DARP

A/2ko1-2kw-40ko2_1kfps-4knf.AVI 

5000/500/2000 s12.2/12.2 25.6/ 293 http://people.brandeis.edu/~ochoa/DARP
A/5ko1_5hw_2ko2_1kfps_1knf.AVI 

10000/1000/20
00 

s25/25  265  

15000/1500/20
00 

s45/45  240  

20000/2000/50
00 

s60/60  240  

Oil 
(flow) 

Oil (flow) 

30000/3000/50
00 

s99/99  223 http://people.brandeis.edu/~ochoa/DARP
A/30k_3k_5k_1kfps_1knf.AVI 

200/80/2000 1.3/~1.3 unstable 
alternating cycle

 520x335 http://people.brandeis.edu/~ochoa/DARP
A/2ho-8dw-2ka_30fps-1800nf_1.AVI Air (flow) 

200/80/5000 -/~1.4 very 
irregular 

   

Oil 
(flow) 

Water 
(flow) 

Air 
(pressure) 

250/80/2psi u1.32/aperiodic 
drop breaking 

 530x335  

2.76/1.4 a0.345  470x335 http://people.brandeis.edu/~ochoa/DARP
A/pp2.76o1.4wpsi_15fps-1knf.AVI 

3.2/2.3 a0.286  ~470x335  

3.2/2.36 s0.42  ~536x335  

3.5/2.3 a0.58  355x335  

3.52/1.43 a0.495  357x335 http://people.brandeis.edu/~ochoa/DARP
A/pp3.52o1.43wpsi_15fps-1knf.AVI 

5/2.3 a1.18  305  

5.33/3.85 a*0.588  625x335  

6.25/2.97 a*1.8  293  

6.36/3.86 s3.1  424x335  

6.86/5.64 a*0.416  530x335 http://people.brandeis.edu/~ochoa/DARP
A/pp6.86o5.64wpsi_10fps-6hnf.AVI 

Oil 
(pressur

e) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Water 
(pressur

e) 

- 

7.93/5.64 a*2.4  514x335  
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 Perhaps surprisingly, the dominant behavior for droplets separated by less than 400 μm is 
out-of-phase coupling.  While intuitively one might expect that bringing the droplets close 
together would produce in-phase behavior, this turns out not to be the case in the present 
configuration, at least down to separations of 50 μm.  Apparently, the fact that the coupling 
occurs via bromine, an inhibitor of the reaction, is responsible for this unanticipated behavior.  
Figure 5 shows some typical results.   

 

 
 
Figure 5.  Space-time plots showing (a) anti-phase oscillations with spikes of oxidation of ferroin seen as 
light horizontal lines across BZ-droplets.  (b) stationary Turing structure with alternating oxidized and 
reduced states evolving from initial oscillatory state.  Horizontal length of the frame and the capillary ID 
are 4.8 mm and 150 μm, respectively; the total times shown in (a) and (b) are 5200 s and 10800 s, 
respectively.  Patterns extend to the left and right of the segments shown. 
 
 In the figure, the droplets are the darker vertical columns, separated by the lighter oil 
columns.  The light narrow horizontal stripes are the brief flashes of oxidized ferroin (ferriin) 
during each cycle.  These spikes start off in-phase because the system is initiated with a flash of 
light to synchronize the drops.  In frame (b), where the concentrations are slightly different from 
frame (a), the oscillations cease after some time, and the system enters a stationary, but 
patterned, “Turing” state, where alternate drops are either in the oxidized or the reduced state. 
 

2. Two-dimensional experiments 
 
We also used microfluidic techniques to prepare two-dimensional (2D) arrays of BZ droplets 

in the fluorinated oil HFE-7500.  Of course, 2D arrays can give rise to a much richer set of 
phenomena than 1D arrays, and we have only begun to scratch the surface of what is possible.  
Earlier experiments at Brandeis on microemulsions consisting of nanometer diameter droplets of 
a photosensitive aqueous BZ solution in oil showed that this medium can serve as an erasable 
memory device (A. Kaminaga, V. K. Vanag, and I. R. Epstein, Angew. Chem. Int. Ed. 45, 3087 
(2006)).  In those experiments, however, the droplets undergo Brownian motion.  Here, with the 
droplets having diameters of roughly 100 µm, the droplets are stationary, and it should be easier 
to control the patterns.  We observed coherent behavior, including regions of in- and out-of-
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phase oscillation and traveling waves.  Figure 6 shows an example.  In other experiments, we 
observed, after the droplets spontaneously self-assembled into a hexagonal array, a variety of 
coherent patterns, the most interesting of which consisted of a) a three-phase oscillating pattern, 
shown schematically in Figure 7, in which all droplets oscillate, with nearest neighbors being 
120o out-of-phase with one another, and b) a two-phase mixed pattern, in which steady state 
droplets alternate with oscillatory droplets in such a way that neighboring oscillatory droplets are 
180o out-of-phase, and the pattern is symmetric to rotations by 120o. 

 

 
 

Figure 6.  Traveling wave (white area at lower left) of oxidation in a 2D array of BZ water droplets.  
White “stars” and large white circle are defects and air bubbles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Schematic drawing of the three-phase pattern. 
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Figure 9. Double emulsion 
(w1/o/w2). BZ solution in the 
oscillatory state is in the core of the 
drop. BZ solution in the excitable 
state surrounds the drop. Outer shell 
of drop is oil 

 In addition to the emulsion-like arrangement shown in Figure 6, we also explored 
microfluidic configurations in which droplets can be placed and then connected via narrow 
channels in any desired 2D arrangement.  One such arrangement is shown in Figure 8. 

 

 
 

                 600 μm 
 
Figure 8.  Microfluidic device containing BZ droplets connected by channels. 
 

We also succeeded in creating so-called double emulsions, which offer increased 
flexibility in linking droplets via either excitatory or inhibitory coupling.  A double emulsion 
(w1/o/w2) consists of an outer continuous aqueous phase (w1), a shell of oil (o), and an inner 
aqueous phase (w2), which can be different from the outer phase. In our case the two aqueous 
phases are different BZ solutions and the intermediate oil phase is a fluorinated oil. The process 
relies on proprietary fluorinated surfactants synthesized by our partner, RDT. Figure 9 shows 
double emulsions created in preliminary experiments. 
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3. Theory 
 The systems we have explored basically consist of  arrays of coupled oscillators, where each 
BZ droplet constitutes a chemical oscillator, and the coupling arises via nonpolar intermediates 
produced in the course of the reaction, which travel through the oil phase between adjacent 
droplets.  We have confirmed by addition of a scavenging molecule, as well as by computer 
simulations, that the species that acts as the “messenger” when the droplets are separated by oil 
is elemental bromine, a known intermediate of the BZ reaction.  Coupled oscillators have the 
potential to display significantly more complex behavior than individual oscillators.  They can 
generate a variety of phenomena, the simplest of which involve the locking of phases of adjacent 
oscillators, which can be either in-phase, with all oscillators acting essentially as one, or out-of-
phase, typically, but not necessarily, by 180o, so that adjacent oscillators are alternately “on” or 
“off”.  If one can understand and control the behavior of such a system of coupled oscillators, it 
should be possible to exploit the spatiotemporal patterns generated not only for chemical 
communication but potentially for chemical computation as well. 
 We have been able to simulate the one- and two-dimensional behavior using a model of the 
BZ reaction that takes into account the coupling between droplets via bromine.  The simulations 
suggest that more complex patterns can arise.   Examples of 1D patterns are shown in Figure 10, 
and Figure 11 shows 2D patterns.  The existence of multiple attracting states suggests that it 
should be feasible to utilize systems of this type for complex computational as well as 
communications applications. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10.  Exotic regimes found in simulations of 6 coupled oscillators at several sets of model 
parameters.  For all simulations initial condition is ”almost in-phase,” i.e., the phase of one of the six 
oscillators is slightly shifted.  In (a), z1 and z3 are in-phase, and z4 and z6  also oscillate in-phase.  In (b), z2 
and z3 oscillate in-phase, and z5 and z6 are also in-phase, while z1 and z4 are almost stationary (small 
amplitude oscillations).  In (c) z2 and z5 oscillate out-of-phase, and z1, z3, z4, and z6 are almost stationary. 
In (d), z2, z3, z5, and z6 behave as in (b), but z1 and z4 oscillate in-phase with normal amplitude of 
oscillations and with double frequency.  zi is concentration of variable corresponding to ferroin in the i’th 
oscillator. 
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Figure 11.  Simulation of  a self-assembled hexagonal array of BZ-drops.  Left panel shows a 
28-drop array, the largest we have simulated to date.  The state shown is the “Π-S” state, in 
which one-third of the drops, shown in gray, are in the oxidized steady state, one-third, shown in 
blue, oscillate with nearly the same phase, and the other one-third, shown in red, oscillated 
approximately 180o out of phase with the blue drops.  Shades of blue and red indicate relative 
phases.  Differences from perfect antiphase behavior result from differences in numbers of 
nearest neighbors and distance from the boundary.  Right panel shows time series of three blue 
drops, 1, 5 and 26, illustrating departure from perfect synchrony. 
 
 4.  Conclusion 
 
 This aspect of the project is probably the most promising for future development.  The 
rich behavior of arrays of coupled oscillators offers a wealth of possibilities, both scientific and 
practical, that we have only begun to explore.  While implementation in communications devices 
remains a challenge, particularly if signals must be transmitted at tens to hundreds of Hz, 
considerable information density should be attainable.  More appealing, though, are applications 
to “chemical computing,” where it should be possible to establish the “rules” that govern how the 
time evolution of a droplet depends on the states of its neighbors, i.e., one could construct a 
“chemical cellular automaton.”  By utilizing the photosensitivity of certain versions of the BZ 
system, it should be possible to build and control an analog chemically-driven computational 
device, which would offer advantages for certain types of exponentially difficult (NP-complete) 
problems, such as routing, scheduling and data retrieval.  We have developed both the 
experimental and the theoretical capabilities to understand these systems in considerable detail. 
 
D. Encoding 
 

 We explored two approaches to the problem of encoding the signal generated by the 
chemical reactions.  We report our results below. 
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      1.  Crack and Wrap 

 
The scheme we denote as “crack and wrap” involves essentially a single spatial dimension.  

The reactants are stored in separate compartments, and the reaction is initiated by breaking a 
barrier that separates them, much as occurs in glowsticks or chemical cold packs.  The device is 
wrapped in a field-printed mask that modulates the visibility of the periodic chemistry into a 
coded signal from which the message can be recovered.  The basic scheme is shown in Figure 
12: six channels are used to encode six different frequencies in order to give the six bits required 
to encode 38 different characters. In the examples shown here, the chemiluminescent solution is 
a commercial glow stick and the mask is printed on a transparent mylar sheet.  The intensity is 
measured by signal averaging and Fourier transformation of the light from the drops propelled 
through the circuit.  In Figure 13 the intensity of light from one drop is focused on the 
photomultiplier detector (PMT). The drops generate a square wave signal of light intensity as a 
function of time as shown in Fig. 13. We generated signals at 65 Hz using syringe pumps to 
propel the drops. Figure 14 illustrates, with signals from two channels, our ability to extract 
multiple frequencies, and temporal multiplexing allows us to send sequences of characters. The 
drops can be transported past the mask either by an external power source or by chemical waves 
(see below).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  12.  (a) Luminescent drops of 300 μm diameter in cylindrical tubing. (b) magnified view of one 
bend. (c) a single drop moving under a mask to produce a periodic modulation of the light intensity. 
 
 

a 
 
b 

 c 
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Figure 13. (a)  Intensity from luminescent drops of 300 μm diameter moving at 65 Hz through channels.  
The detector was focused on one drop. (b) Fourier transform of light intensity. 
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Figure 14. (a) Different masks over 
each of the six lines shown in Fig 4. 
(b) Intensity vs. time of drops moving 
under one mask at a time (green, blue) 
and under two masks simultaneously 
(red). (c) FFT of red trace in (b). The 
FFT shows two frequencies, 
corresponding to drops simultaneously 
moving under two masks. 
 

P
ow

er
 S

pe
ct

ru
m

ph
ot

on
s 

/ s
ec

(a)

(b)

(c)

Frequency (Hz)



Final Report  W911NF-07-1-0639  Page 19  

       2.  Spray and Display 
 
 The second scheme, “spray and display,” utilizes two spatial dimensions.  Here the 
reactants of the photosensitive Ru(bpy)3-catalyzed BZ reaction and the supporting emulsion are 
mixed in an aerosol can containing multiple chambers and microfluidic circuitry and propelled 
onto a prepared surface, where they self-assemble into a regular lattice, e.g., hexagonal.  The 
technology is similar to that needed to produce the foam that comes out of a shaving cream can.  
Alternatively, the target surface can be pre-patterned with a desired array of drop locations and 
connections as in Fig. 8.  With the photosensitive reaction, the initial condition can be set by 
projecting the desired pattern onto the lattice.  This “chemical cellular automaton” will then 
evolve, producing a long-lasting repetitive pattern that corresponds to the message.  The set of 
initial conditions and patterns associated with the array of possible messages can be developed 
through extensive simulations and experimentation and stored in a codebook. 
 
 3.  Conclusion 
 
 The “crack and wrap” approach appears feasible for a 1D system.  Considerable 
additional work needs to be done to establish the feasibiity of the “spray and display” approach. 
 
 E.  Power Source 
 
 In order for approaches involving luminescent materials flowing behind masks to be 
successful, it is necessary to have a means of creating a flow of fluid through the system.  We 
have explored several approaches to this problem. 
 

1. Gas Pressure 
 
            Our initial proposal was to propel material through the microfluidic system by generating 
a gas that would create sufficient pressure, i.e., to construct a device analogous either to an air 
bag or a pressure cooker.  On further consideration, we concluded that such approaches are likely 
to be subject to a variety of technical problems involving the ability to control the gas pressure. 
 

2. Chemical Waves 
 
             A much simpler approach is to initiate a chemical wave that would carry the information, 
obviating the necessity for a bulk flow of material.  We have been able to generate waves not 
only in continuous media, but also, as illustrated in Fig. 6, in one- and two-dimensional arrays of 
droplets.  Whether this approach is compatible with the desired information density remains to 
be established. 
 
 3.  Other Approaches 
 
 In our experiments, we used syringe pumps to drive fluid through the system.  This approach 
is clearly not adaptable to the size of device that we ultimately sought to build.  Two other 
approaches do seem possible.  A relatively simple solution is to employ printable zinc-air 
microbatteries (http://ccsl.mae.cornell.edu/research/sff/index.htm ), which can provide sufficient 
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power at very little cost in terms of added mass or space occupied.  It may also be possible to 
incorporate magnetic nanoparticles into the fluid and then use a spinning magnet driven by a tiny 
motor to generate the force to move the fluid. 
 

4.  Conclusion 
 
 This area is the one in which we have made the least progress.  If our approaches were to 
be carried further, considerably more work would need to be devoted to power sources.  The 
most promising approach appears to be the use of small batteries, perhaps of the zinc-air type 
noted above. 
 
F.  Signal Detection 
 
 The SSI and AFRL members of the team focused their efforts on the issue of how the 

signals generated by the device can be detected in an environment that contains a high level  
of temporally varying optical noise.  To deal with this issue, they a) developed a programmable 
simulator to mimic the signals to be generated by the chemical communications device; and b) 
carried out field tests to assess how bright a modulated source might have to be to enable us to 
distinguish it from temporal components of naturally varying backgrounds.  We discuss progress 
in each of these areas below. 
 
    1.  Programmable simulator 
 

 The basic design of the simulator is shown in Figure 15.  It consists of an array of six 
infrared LEDs.  Each LED is individually controllable for brightness and modulation, and there 
is one controller channel per LED and one analog voltage output from the PC for each controller 
channel.  Band pass filters (BP) are used to select wavelengths not at the LED peak.  Neutral 
density filters (ND) provide an additional level of power control, and the diffuser (DF) is 
available to modify the directional LED output. 
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Figure 15.  Basic layout of the programmable source simulator. 

 

    2. Field Measurements 
 On June 10, 2008, we took advantage of an opportunity to utilize AFRL instrumentation to 
monitor a modulated light source in a natural setting. The purpose of the measurements was to 
develop an understanding of how bright a modulated source might have to be to be able to 
distinguish it from temporal components of naturally varying backgrounds.  

 A suite of instrumentation was located in the Yankee Building atop Mt. Washington, 
including radiometers with a cutoff filter at 0.85, and band pass filters at 1.25±0.075 and 1.6 ±0.1 
μm, respectively. In addition, an infrared imager (Sensors Unlimited, Inc. SU640) fitted with a 
1.6 μm filter was utilized. The radiometer signals were sampled at 20 kHz. The SU640 imager 
was operated at a 120 HZ frame rate in 256 x 256 pixel mode. The radiometer fields-of-view 
were all 9.7°, and the imager FOV was 49.1°. Figure 16 shows the view from the Yankee 
Building atop Mt. Washington looking westward toward the parking lot of the Cog Railway 
Station, where the light source was operated. The range from the instrument suite to the parking 
lot was 4.16 km 

BP
ND 
DF

LED 
arrayArbitrary 

waveform

LED PC w/ analog 
output 
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Figure 16. Clear LOS view from inside the Yankee Building atop Mt. Washington, looking westward 
toward the parking lot of the Cog Railway Station (the beige pixels at the center of the red circle). 

 The light source was a 100 W halogen spot light with a 9° beam width, equipped with a 
Variac voltage control.  When operated at full power, the bulb is about 80% efficient with a 
spectral output that looks like a 3000 K black body. Total in-band, in-beam power is about 7-8 
W in each of the 1.2 and 1.6 μm spectral band passes. The source was mounted behind a 20” 
five-blade three-speed box fan equipped with a variable voltage control to adjust the speed. The 
maximum modulation rate for this setup was 80 Hz. 

      a.  Sample results 

 Figure 17 shows the raw radiometer signal for the 1.2 μm band pass. For this particular 
experiment, the light source was chopped at 72 Hz and turned on full power at t~10 sec, then the 
source intensity was gradually decreased over the course of tens of seconds, then turned on back 
to full power at t~170 sec. There is no clear indication of any of these events in Figure 17. Over 
the course of this run, there were scattered clouds above summit altitude passing through the 
scene. All of the temporal variations in the figure are due to time varying shadows in the 
radiometer FOV. Since the radiometer FOV is quite wide (9.7°) and the clouds were at about 
summit level, cloud movement can cause gross changes in the total signal observed in the space 
of seconds. Similar behavior was observed in the 1.6 μm channel (Figure 18). 
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Figure 17. Raw radiometer signal for the 1.2 μm band pass. 

 
Figure 18. Raw radiometer signal for the 1.6 μm band pass. 
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In order to pull out the modulated source contribution to the full raw radiometer signal, we 
typically process the data in the following way. First the data is de-trended by subtracting off the 
running average from a one second smoothing window, effectively removing the DC component 
as well as frequencies below 1 Hz from the power spectrum. Then a Fourier transform is 
performed on the data in 1 sec chunks. The result is a power spectrum as a function of time with 
low frequencies removed. Figure 19 shows the result using the radiometer data of Figure 17. In 
this display, fixed frequency events show up as vertical lines. In Figure 19, there is a vertical line 
at 72 Hz that shows up at the top of the figure and decreases in intensity with time until it is 
indistinguishable from the background, then appears again at 170 s when the source is returned 
to full power. Figure 20 shows similar behavior for the 1.6 μm channel. The difference here is 
that there appears to be much less background interference at lower frequencies at 1.6 μm than 
for 1.2 μm, with the result that the source at 72 Hz is easier to pick out. (The prominent feature at 
60 Hz is due to pickup of line voltage at some point in the instrument detection stream.) 

 
Figure 19. Log of the power spectral density as a function of time for the 1.2 μm radiometer channel. 
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Figure 20. Log of the power spectral density as a function of time for the 1.6 μm radiometer channel. 

 Figure 21 shows a sample frame of processed data from the SU640 imager. Processing of this 
data was performed as for the radiometers, except that it was performed pixel by pixel for each 
pixel in the display. We also include a spatial averaging over ~3 pixels to suppress temporal 
changes caused by pixel to pixel movement of scene features. The results are presented as a quad 
with the display at the upper left being raw imager data, and the display at the upper right being 
an RMS image. At the lower left is pixel power summed over a range of frequencies, in this case, 
wide enough to select the frequency of the modulated light source. Finally, at the lower right is a 
combination of vectors resulting from principal component analysis of the data. Though there is 
no indication of the light source in the raw image, it is clearly apparent as the bright yellow spot 
just over the rock ledge in the RMS image. The source is also visible in the corresponding 
position of the frequency slice at the lower left, though it is not so obvious, as there are several 
interferences, such as a patch of sunlight traveling over the rock ledge in the near field at the 
same time. The PCA image at the lower right shows little or no evidence of the source. 
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Figure 21. Quad display of processed output from the SU640 infrared imager (see text). 

  

     3.  Conclusion 
 The simulator provides a valuable tool for testing detection capabilities, and the ability of the 
SSI team to carry out field tests and analyze signals generated should prove valuable in assessing 
the capabilities of whatever method is eventually chosen to implement the desired goals for 
chemical communication. 

 
III.  Publications 
 
This work has resulted in three publications:  

M. Toiya, V.K. Vanag and I.R. Epstein, “Diffusively Coupled Chemical Oscillators in a 
Microfluidic Assembly,” Angew. Chem. Int. Ed. 47, 7753-7755 (2008)  
T. Bánsági Jr., M. Leda, M. Toiya, A. M. Zhabotinsky, and I. R. Epstein, “High-frequency 
oscillations in the Belousov-Zhabotinsky reaction,” J. Phys. Chem. A 113, 5644-5648 (2009) 
M. Toiya, H.O. Gonzalez-Ochoa, V. K. Vanag, S. Fraden, and I.R. Epstein, “Synchronous 
Regimes of Oscillatory Microdroplets,” J. Phys. Chem. Lett. 1, 1241-1246 (2010). 
 

 
Copies of these works appear in the Appendix below.  
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